The environmental sustainability of a semi-industrial solar photo-Fenton reactor, treating real 19 effluents emanating from a pharmaceutical laboratory, is assessed herein. The life cycle 20 assessment/analysis (LCA) methodology was employed and real life cycle inventory (LCI) 21 data was collected from a ferrioxalate-assisted homogeneous solar photo-Fenton wastewater 22 treatment plant (WWTP), at Ciudad Real, Spain. Electricity was provided by photovoltaic (PV) 23 panels in tandem with a battery bank, making the plant autonomous from the local grid. The 24 effective treatment of 1 m 3 of secondary-treated pharmaceutical wastewater, containing 25 antipyrine, was used as a functional unit. The main environmental hotspot was identified to be 26 the chemical reagents used to enhance treatment efficiency, mainly hydrogen peroxide (H2O2) 27 and to a smaller degree oxalic acid. On the other hand, land use, PV panels, battery units, 28 compound parabolic collectors (CPC), tanks, pipes and pumps, as materials, had a low 29 contribution, ranging from as little as 0.06% up to about 2% on the total CO2eq emissions.
7 aerobic/anaerobic biological secondary treatment and AOPs for tertiary treatment is a viable 137 option to effectively treat industrial wastewaters (Chatzisymeon et al., 2013; Ioannou-Ttofa et 138 al., 2017) . As such, light-driven AOPs perform better for tertiary treatment applications and 139 therefore should be used after the secondary treatment is achieved. Hence, the pharmaceutical 140 wastewater that was examined in this work was first diluted with tap water to reduce its initial 141 TOC content to 400 mg/L, in order to simulate a secondary-treated effluent. The chemical 142 reagents required for the treatment process were Merck's analytical grade ferrous sulfate 143 (FeSO4.7H2O), oxalic acid (COOH)2.2H2O and 30% w/v hydrogen peroxide (H2O2). Also, 144 sulfuric acid (H2SO4) and sodium hydroxide (NaOH) were used to adjust the pH to desirable 145 levels, i.e. keep it constant at 2.7, as required. 
3.2
Functional unit 156 The environmental performance of the ferrioxalate assisted homogeneous solar photo-
157
Fenton process, to treat both the organic content and target pharmaceuticals, was examined.
158
For this reason, the removal of the total organic carbon (TOC) as well as antipyrine, a typical 159 pharmaceutical that acts as a micropollutant in wastewater matrices, was monitored. Therefore, wastewater is beyond of the scope of this work and therefore is external to system boundaries.
178
Finally, since various routes for the final disposal/reuse of the treated effluent exist, e.g.
179
disposal at natural waterbodies, reuse for irrigation purposes, etc., each with its own 180 environmental impact/benefit, the discharge route of the treated effluent is beyond the scope of 181 this work and therefore is not included in the system boundaries, i.e. a cradle-to-gate 182 (treatment) approach is used. The following assumptions and limitations were taken into account. It is assumed that 188 the life span of the pilot plant is 20 years, with a 10 h daily operation all year round. Similarly, waterborne emissions were not taken into account, since oxalic acid is also fully 235 consumed during the photo-Fenton reaction. Table 1 after midpoint is reached, thus translating environmental impacts into issues of concern, such 258 as damage to human health and to ecosystem quality (Goedkoop et al., 2009 ). Due to data gaps 259 and assumptions stacking up along the cause-effect chain, the endpoint approach is associated 260 with higher levels of statistical uncertainty, but is easier to comprehend by policy-and decision- relevance (Chatzisymeon et al., 2013) . This is also included in ReCiPe's midpoint impact 284 category "Climate Change", but using a single issue method allows a more simple and direct 285 results dissemination to the general public. This is mainly attributed to the overall high quantities of H2O2 and oxalic acid per functional 312 unit and that their transportation distance was assumed to be 200 km.
313
The PV panels and battery bank, which provide a constant stream of electricity, contributes ReCiPe is a robust multi-issue impact assessment method and therefore it can provide a 330 more holistic overview of the environmental sustainability of the solar photo-Fenton process.
331
First, ReCiPe characterisation model (midpoint-oriented indicators) is used to calculate the 332 contribution of each parameter to each of the 18 midpoint impact categories. As shown in 333 Figure 3 , the main contributor to most impact categories is, by far, the chemical reagents used, categories, but with a small score in all of them. This is also the case for the foundations, the 340 frame and the pump, which exhibit an overall low contribution to most impact categories. Land 341 use is the major contributor to the impact category Urban Land Occupation (ULO), which is 342 the only impact category affected by land use. This is attributed to the fact that CPC plant 343 occupies urban area for at least 20 years according to its life span (Figure 3 ). (Figure 4) . The high normalized scores that derive from the use of chemicals 358 can be mainly attributed to the large quantities of H2O2 and to a smaller degree to oxalic acid.
359
H2O2 is a strong oxidising agent that is widely used as a bleaching agent. At industrial level it 360 is produced by reducing alkyl anthraquinones with hydrogen, in the presence of a catalyst to 361 the hydroquinone, while crude H2O2 is extracted from the oxidised working solution by treating 362 with water. Large quantities of energy (mainly fossil fuels) and resources (e.g. water, bauxite, 363 sulphur, etc) are consumed for the production of pure H2O2, while also airborne (e.g. dust, CO2,
364
SOx, etc), waterborne (e.g. COD, suspended solids, Cl -, etc) emissions and solid waste (e.g. 365 mineral, slags/ash, inert chemical, etc) are produced (Boustead & Fawer, 1996) . This is also 366 the case for oxalic acid production, where large quantities of energy (mainly fossil fuels) and and frame to all damage categories is associated with emissions from the extraction and 412 processing, as well as the energy required for the production of cement, steel and aluminium.
413
The pump, tank, sensors and pipping have an overall low contribution to all damage categories, was taken into account. It was found that the strongest environmental impacts were always 430 associated with energy consumption, while the impact of producing and delivering the 431 chemicals was more than 2 orders of magnitude lower than that of energy consumption 432 (Giménez et al., 2015) . 
440
The underlying reason for electricity usage being the main hotspot in the lab or pilot scale 441 is mainly attributed to the fact that in these experimental set-ups the effluent that is treated is 442 usually clean water spiked with targeted pharmaceuticals or high quality treated effluent, 443 containing very low concentration of organics. Hence, in these cases very low reagent amounts 444 are required, compared to real effluent which are rich in organic matter.
445
The large contributions of the reagents, i.e. H2O2 and oxalic acid, to the total environmental 446 footprint observed herein is twofold. First, and more importantly, the treatment of real effluent 447 was examined here and therefore its initial organic and micropollutant load was high, thus 448 requiring high amounts of chemical reagents for its effective treatment. In general, the higher 449 the initial organic load the higher the amounts of oxidation reagents, i.e. H2O2 and oxalic acid, impacts of the process. To be more specific, the higher the initial organic content, the more the 498 22 amount of chemical reagents will be required to effectively treat the effluent. As a consequence, 499 the environmental sustainability of the process will be decreased. All in all, results of this work 500 may be a useful tool for researchers, the industry, decision and policy makers, since the 501 effective treatment of pharmaceuticals from real wastewater matrices is a major problem and 502 insight on the environmental sustainability of solar AOPs could help mitigate this problem. 
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